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FORBWORD

This report was prepered by the Cornell Aercnauticual Lahoratory. Inc.,
Buffsalo, New York as Cornell Asronautical Laborstory Report No, TB-767-F~7, uader
USAF Contrsct No, AF33(038)-20669. The contract was initiated under the reseerch
and development project, identified by Research and Development Order Number R-461-l.
It was administered under the direction of the Flight Research Laboratory, Wright
Alr Development Conter with Cepte P.P. Cerussil acting as project engineer.
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ABSTRACT

——————————

Verietions in the longitudinal stebility of e F-94 airplane can be
schisved by automatiz actuation of 1) the elevator proporkinnal to S o¢ and &s
signals to alter ths short peried damping and frequency,z) the pilot's stick pro=-
portional to SF/q 8nd o©C  to change the stick Force and position gradients,

5) & 0.43 £t° canard pitching control surface driven at 2 deg/sec. by &/q and

42 signals %o modify the phugoid damping a&nd period.

The operational range of the control equipment necessary to sccomplish
these variations in flight are determined. A specific sequence of calculation is
listed for obtaining the gearing required to obtain u set of flying qualities.
Transient responses determined by analog computation are presented <long with a
phase disgrsm representation of the phugoid and short period motions.

PUBLICATION REVIEW
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DEFINITION OF SYMBOLS

A~ Wing mean serodynsmic chord (ft.).

/Cp Elevator MAC (ft.).

o tmr o e T

C. L,C- Dy =7, CJL 1Lift, drag, pltching moment and hinge moment
N } coafficients, respectively, :
C 4 Terust coefficient, Gy = I
2 g8

: CM Rate of chenge of pitching moment with non-
'_ 4 dimensional airspeed, dCy, /d (u/V).
i N

. C—yn Rate of change of pitochling moment with non-

dimensional rate of change of airspeed,
dcm/d[d(u/v) /deg-)-.]

| d Cm Jdu Rate of change of pitohing mowent with sirspeed (rad/mph)

C © Rate of change of, pitching moment with rate of change
d )M/&‘a U e airspeed, dcnﬁ(dyd'é(rtd/mph/seo)

CO;SC./ l < Rate of change of elevator angle with angle of attack

/i e ' )
dSe /d Rate of change of elevator angle with rate of changs
e/l of angle of attack, (deg/degﬁec)

J, [ / doc Rate of change of downwash angle'with engle of attack

D( ) a()/a(e/), 02 = a2 ()/a (th)?

D u Rate of ¢ an e of non-dimensional alrspeed with non-dimensional
time, d(u/v/a( /)

D ce Rate of change of angle of ettack with non-dimensional
time, dpx/d (/o)

f Short period frequency (ops)

Fs Stiek force (ibs.)
? Acceleration of gl;a.vity

H Hinge mouwent (ft. 1lbs.)

I
& 2
W(72)¢

4sg  Non-dimensional pitohing inertis, =

t WADC 52.248 - Vi =




WS e e e e o o

[z

grEnr )

| B—

'
P—

&

Tail length (ft.)

#
&

Normal acesleraiticn inorement in g's.
Phugeid period (séc.)

Dynamic pressure (psf.)

Horizontal tail dynemic pressurs (psf.)
Wing ares (ft2) - )
Blevator area (£t2)

Time (sec.)

Thrust (1bs.)

Forward spae(i increment

Forward velocity gust disturbance, (mph).
Rate of change of airspeed with time, du/dt (mph/sec.)
Forwerd speed, V; denotes indicated sirspsed (mph.)
Gross weight (1lbs.) | -
Angle of attack (deg.)

Rate of chﬁ.nge of o with time, dox /dt (deg/sec.)

-~

Auxiliary surface deflection (deg.)

W ORR T< gop &4 ¢ f{‘m?‘\"—“

Elovator deflection (deg.)
$. Flap deflection (deg.)
Ss Control stick deflection (deg.)
§& Elevator tab deflection (deg.)
/\ | )Increment in ( ). ‘
5P Phugoid demping ratio.
Ts Short period demping ratio.
S 4ngle of pitch.
A Relative density, PW/pSg <
(€ #ir density (1bs/rt3)
unit, A/{jo 5&; v

N .
D Time
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INTRODUCTION

The Flight Research Laboratory of the Wright Air Development Center has
instituted & program with the Cormell Aeronautical Laboratory to obtain sciual
flight test data on the optimum and minimum flyable longitudinal stability snd
control characteristios for fighter and bomber airplanes. This type of information
hes recsntly beccme of grsat design importsnce with the advent of prastiocsl serve-
mechanisms for the addition of artificial atability to airplanes; also, this
information should be useful to those charged with the responsibility for estab-
lishing handling qualities specifications.

Two alrplanes are being used for the evaluations.~ omne, a B=26 light
bomber; the second sn F~94 jet fighter. The elevators of these airpianes are
driven by irreversible hydraulic servos in response to control signals supplied
by “he pilot snd signals provided by artificial stsbility pickups. The comirol
sticks are driven by & second servo in response to pilot applied control force, in
a menmer <losely simulating the natural airplane’s control forces., A small suxiliary
pitohing surface is driven by an eleciric servo motor for phugoid comtrol. By
adjusting the gains of the variocus channels of this equipment. the following parama-
ters of longitudinal stability snd control csm be varieds phugoid mode period and
damping, short period mode period and damping, static elevator Yo trim vs. Cp and g,

sad static stick force vs, Cp, and g. The extremes of stability and control that
can eapily be simulatsed end evaluated could not safely and econcmically be obtained
in any other way.

Reference (1) presented the theoretical snalysis on the B=26 airplane.
This report contains the supplemsntary anelysis of the artificial control necessary

to provide & wide range of flying qualities for the F-94 airplsue,

WADC 652-248 - viii =
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ANALYSIS

BASIC FLYING QUALITIES

followss

varimd on

(Ref. 1)

The normal stability derivatives of the F-94 are listed in Table I.

The eight flying qualities whioh are comnsidered to be basic in & pilot's

evalustion of an airplane's longitudinel motion were limted in Refersnce (1) as

1. Frequency of the "short period" mode

2. Damping of the "short period™ mode

3. Period of the "phugoid®™ mode

4, Danping of the "phugoid” mode

5. Control deflection to trim vs. speed for lg flight
6. Control deflection per "g" normal acceleration

7. Control force to trim vs. speed for 1lg flight

8. Control force per "g" P

The subsequent analysis will show how these basic quantities will be
the #~94 airplane.

Short Period

The short period characteristics cen bs detsrmined frum the formulae:

L
[

= 4 Wl 2 Coo Cmy |
fostmm | G5 (19 ) Come— “"‘737,’1"} ops

_C_'__r-'&.__c‘;’,"_zg_ ﬁfmou

- oy

(% eritiesl)

The frequency

and per ocent criticsl demping in the short period mode are listed in Tabhle II for
five possible flight conditiomns. ' ,

Possible artifiocial control of the short period at 292 mph indicmted

airspeed and 20,000 ft. altitude is listed in Table III. It is noted that either

Acm o OF

C, 2 oean be used to vary the frequency. G, & ochenges the effec-
5% e y G )

tive pitching inertia of the airplene, and its use yields only = limited range of
frequency control, especislly with large static margins. Acm( wes chosen,

therefore, o sllow wider short period frequency variationms.

The short period damping can be controlled by either AC%_ or Acmq

e

&6 ssen in Tébl_e III. Acmq, however, affects the phugold mode and. the maneuvering
stability. ACmD was chosen, therefore, in ordsr to isolate the effeots of each
oe-

variable on the eight basgic flying qualities. It should be noted that either Acm,“

WADC 52«48 -1~



or AcmDoc ohanges both the frequency #nd the dsmping of the ghort period mode.

Thus, & sequence of settings for these ertificial controls hes been éstablished as

followsas

1. Choose desired 3‘ and g_s_' of short perilod.
2. Caloulate dSe/dec or Aly raquired from:

(Ref. 1) 5
. dfe - _t_m__AC _ e Cralme bg | (@)
o o e Cmg g Mg A %ﬂﬁ-%‘.

3. Geloulate dJe/dox or Acmm>< required froms

dSe . Tl 'n ptg§ Crac _ Cwg, _ 4C N
R i =~ sy A T % ”‘°°r<.a)>
Y L
255 | (~ne ~Ou S TR |
Phazold (rad/rad/sec) '

The phugoid characteristics of the normel F-94 airplane can be determined

'from the formulees

(Ref . 1) ,
c‘m C;. 'é_

P _ 270 P.(C""« + g oo

em— iy —

- ST %
| 00 9/, = /ao()';a;;_)é % é‘f_ f%—j‘m% Mpoe T Cn\,(l—sgf-).\ (4)

. -~ c ‘ i . '

C
(}\\ =Cmq{ Tt —'15‘;09‘-5‘

If the static margin is greater then 10%, the phugoid period snd damping are

closely epproximeted by the formulaet
P= .2COZ Vmph (sec.)

100(; = 70,7 =2 (% eritical)
P Gy

WADC 52-248
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The normal phugoid characsteristiocs of the F-94 should be calculated from
the former set of equations as the statio margin is close to 5.5% for the usual
flight conditions., Table II lists the period end dsmping for five possible flight

configurations.

Possible artificial control of the phugoid at 252 mph indicated airspeed
and 20,000 f£t. altitude is listed in Table IV, The purpose of this program is to
provide a wide range of control over ths flying qualities. Variations in thrust
(or Ce ) would not provide this extreme range in controlling large smplitude dis~
turbances. This can be seen for example, if A q¢ = «,17 18 assumed to add

(7} -

50% critiocsl demping to the phugoid. Tf the airspeed varied by 20 mph ind. & change
in thrust of 1220 1lbs would be needed, to achieve this damping. Thus, it was no%
considered practical in this case to utilize thrust variations for phugoid control.

Pitching momsnt derivatives proportional %o u or D2u can bo used to
vary the phugoid period. Cmnzu’ however, affects the short period mode, so that

cmu has been chosen for artificial control.

Either cmi)u or cme will control the phugoid demping. Since Cma
would also vary the static stability of the aircraft, CmD was chosen. It should
u
be noted that both cmDu and Cmu should be used simultaneously to achieve a

desired period and damping, since either derivative affects both period and demping.

duxiliary Surface

I% is noted in Table IV that a dSe /du of -.0059 deg/mph ind. would be

required to reduce the phugold period to 62.82 sec. Thig gearing would demand a
positioning sccuracy of 0.0069 deg elevator if the threshold of the instrumentetion
is assumed to be 1 mph alrspssd variation. Therefore, the slesvator cam not be

used Yo provide the low pitching moments required %o contrel the phugoid. The
design of & small pitoching control euxiliary surface is now considered.

The meximum pitching moment necessary will in gereral determine the di-
mensions of the euxiliary surface. In this case, however, the design was determined
by calculating the minimum moment desired and thenm multiplying this value by 100 to
yield & practical gearing runge for instrumentetion. The minimum C, would be

required to add 10% critical damping to the phugoid at the Vj = 292 mph, H = 20,000 ft.,

dCp/dCy, = -,0556 condition when the disturbance is of 1 mph amplitude.

Cm = CmDuDu

min.
: +
Cagy, = %m A% [chm/ch (depm/dCy, + Cmyzﬂ%
(Ref. 1)

WADG 52-248 -3 -



Cmm = 4(.10) E(-.oss) (-«0661)]# = 034

- 2yl 1 20(2.4) _ .000583
Pu A\%(J 292 T 880

= 13 = “'2
Gmmim +034(.000883) = .00198 x 10

If a 100 to 1 ratio is assumed for the sensitivity range, a design Cp of .002
will be determined.

A deflection range of I 10 deg. was assuned to give a Cms of .00G2
o.

1/deg. The dimensions of the surface wers determined from the formulss

m
5a = ‘C——‘%—
L & %’
For an assuued aspect ratio of 2.87 for each side of the surfecs, GLd will be

3,06, The surface will be mounted in the nose 14 ft. from the c.g.-of the airplane.
Thuss ‘ '

_.0002 (87.3) .
Sa I . 243 F42
3.06 ('6"72' )237"6"

The dimemsions of the surface ars then:

span on one side = 9 3/8 in,
chord = 3 1/4 in,

The formulas for dSa /du and dSa /du in terms of the phugoid demping and
period ars:

) o r:a
dSa L v-c“-—c’” [~ 2% G — %E) (’a
b Fons, G, | T ( L %) o

de g/mph ind,

C.,

e T

O
¥
2
\‘
i

Cong, obSefda

Co -
e

>
s‘
l
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C 4
Ao =T =4z C. C C . C
i Vilws, G W (S T A + G 1=
- (6a)
' C, <4, | C S [ a2k ‘
-+ Slex _ 2 o/
b S | - S - A o S
here C _ 0
i ‘ %‘:’m"‘l'ﬁC.’"Dcc7L C’"Seﬁ;[d&
— C | ', d sa
Comd = G B VG

The sequence of caloulations is importent. Steps (1), (2) aund (3)
should be completed first for the short period analysis and then:

4, Choose q P and P of the phugoid desirsd.
5. Caloulate dsa,/du or cmu a3 above,
6. Caloulnts dSe./du or Cag,, 88 SDOV.

I% wes noted in Iéeference (1) that the signals /\ (—{—)md \:/q would be

provided inatead of u and u in order to vary the phugoid in a "natural" way,

i.s. independent of speed. The signal {\ -é-_-, was provided by a dividing natwork es
deserived in Reference (2) which allowed the full range of q while discerning a

1 mph variation. The g rsnge of the F-94 is grester than that of the B-26 and
with the use of a larger range gage, the discrimination cen no longer be held near
1 mph (or 1 psf.).

A Aq/q signal will be used for the F-94 instead, This signwal can be
measured acourately by differential pressure gages on total snd static lines sad
with a dividing network as before, The relations betwoenA?'-; and A g/q can be
noted ass

Aty =) - (4, =4 - 4= Bt NES = )
Y X0 Tl Tl e
Thue it i8 apparsnt thet Aq/q is proportional to 4 ('/y) and that the Aq/q signal
will be inversely proportional to the equilibrium dynamic pressure. This signal

must then be adjusted for the trim speed of the test.

. The auxilisry surface will then be controlled by signals fromAq/q and
u/q. )

WADC 52-248 “b -
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L5y - I A LC

d ; 2 dou % Sa ’ (60)

dSe — as ' TCM |

Isl_:— = Z_Z__Dﬁ_ _ (6b)
i 7— du \Af )nsu . |

Control Stick Parame 'beré

The control stick parameters of the normel F-94 mirplsne were caloulated
from ths formulee of Ref, (1): '

— a2C 4C2if4§‘
_;%e_i - = ah;- . deg/mph ind.
dfs __ 2 I SefelWh Mic, ldGe G, Hus (48]
dV, V. iRy 375& Mg a / C"se q’-cL- ‘f'Se Cise Cro .

~
l'bs/mph ind.
where F_ is positive for push forwerd

c _ -] (7)
PR T PN
~n hs Lw L L/, _J .
dfs - 9Fs S, <o ZH | AW Lt _1_ | __C @.S.ﬁ
o m IH TR IV g,
— MS. J'C — = z) lbs
O e C""S Z?ff" C’"Se%?: cé_—,_,“ 2e/e

where n is positive for push down
x = 1 for push downs
x = (1 +5x) for turns

The control stick parameters of the normal F-94 are listed in Teble Ve
In order to provide artificlal control the quantities dSe /dSs, d%s /do( and

dss_/dFS/g, will be provided. Since the stick is no longer connected to the
elevator surface mechanically, relations cen be determined to find the proper value
of these three verisbles for desirsd stick gradients. It is again important to
sequence this calculation as shown belows

7. Chooss dSC/dVi or dSe_/dn desired.

WADC 62-248 -6 =
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8, Caloulats dJ e/dSs if d3e/dvi is chosen) froms

LSe - ory 25 [E—SI %1&“_]

43Ss . u’"“ V‘TC’"Se d«Se/ab-\j‘; deg/dog KB‘?

or 8b. Caloulate dde /aSs (if dse./dn is chosen froms

é&:%ﬁ& C/-[C/- '%&7(- 75] deg/deg  (8b)
&ss  Cns, OLEe/oéw e

9. Choose dFy/dvi and dfs/dn desired

10. Caloculate dSs/do( from

éiLz_.CA e (- ) _ —35L85 Lo )

. C | sty _ Vi G
4§ 5 Sq Ia,.—s/gu —f—‘[/f;%:Eﬂ
(at trim. speed in lg flight) deg/deg (10)‘

11. Caloulate dF;/q/dSs from

d/ﬁs -g-;f—- ?7—- be. e C’£$s
d'/é;-[& -~ OF y;_.' C""és C. i
= ? (11)
55 Ve 2 W/ s L'at C'm Q‘T+Cm53 ﬁés_q ]

(£12/deg)

PREDICTING FLYING QUALITIES

The steps to predict the flying qualities are listed below as & summer’y
of the preceding snnlysis:

1. Choose F eand Gg of short period desired.
2, Find d§e/do from BEquation (2),
3. With this dfe/docy use Equation (3) to determine dSe/dec or Acmn*

4. Choose P and $p of phugoid dosired.

B, With dSe/doc and d$e /de? found above, use Equation (bt) and (Sb)
to detarmine dSu/d-f or Cpmy..

6. With dfu /dox, aSe /J.-- and 4fa /du determinad use Equation (6&) and
(6b) to find daa,/du/q or CmDu .-

WADC B2-248 : -7 -
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' RANGE OF VALUES

_ valuss of these parameters will next be determined,

' The equipment will be designed for & short period frequency extremes of 0.1 %o

(RMENS

7+ Chooss either dSe/dVi or dSG/dn .
8a. With ACpy, ®nd Cm, known, use Equation (8a) to find Cmg ¢ OF dSe/aSs

if dSe/dvi is chosen. .
or 8b. #ith ACp, &nd Cmy known, use Equation (8b) to find Gis or dS@/dSs

if dSa/dn is chosen.
9. Choose dFgs/dVi and dFs/dn desired.

10, With ACmg kmown, use Equetion (10) %o determine d3s /de¢ or
Chagg (1-$0/0ng .
11, With Acmq, Cmg, 8nd d§'s /d» known, use Equstion (11) to determine

Chss. or Z“}fé ¢

The gearings dSe/dq,, dSe/de(a dsw/d% dSu/d%, dSe/dSS, .

dgs ,/do( and dF,/q/lgs have been chosen for automatic control. The rangas of

Elevator Servo

Modifications to the normal F=S54 airplemne will be made to actuate the
elevator with no mschanical comnection to the pilot?s stick. It should bs noted
here that & stick will be added in the F-94 af% cockpit to allow the stand-by
pilot to maintain direct mechanioal control of the elevator surface,

An electronio~hydraulic servo system similer to that described in
Reference (2) will be used to actuate the elevator surface. Full elevetor travel
of 54 deg. will be provided with € in. servo linear travel., The design resolution
of the servo is 1/6 of 1% or .0l in which is equivalent to .09 deg. ZThe signals
to the elevator servo are shown belows

Xy SIEVATOR
K ] SERVO e ;
»> SYSTRM

N

1.0 cps sad for sn sagle of atiack of from 20.07 to %10 geg,

The signal d§€/doe will be used to provide & minimum 1% static margin
change. Thus, from Equation (2):

¢ f
%{5 = Cro Aﬁ - % M_EQL- *,0626 deg/deg l

Cmé'e.. - 946

WADS 52-248 -8 = 58
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The requirement that the frequency of the short period be ‘doubled 8t the high statlc
margin of 11%, devermines the maximum positive gain of ddse /do< ass

3. Cmo, _ B(5.9) (=s11)
5.&‘ - - {=211) « 2,06 deg/deg

In order to halve the frequency &t this conditions

) C
FSe — o - s
b= —F cmge T ERHNE

The signel d5e /de: will provide = minimum 10% criticsl dsmping change
in the short period at Vi = 240 mph ind. and 2% static margin.
From Equation (3)s

dSe _ _ 2TAG L5Ce ( _dC Cin 3
ZX 77 Cms [/J"‘( dem — TH)
2

. 5454 -
_ 4 2(2040)010 | 5222(5,9)(.02 + .0111)] = 1 .025 deg/deg/sec.
— ;

» T 94 419 |
The meximum sensitivity is necessary to incresse the short period dmpii'ng zo 1407
oritioal at Vi = 292 mph ind. snd 10% static margin. Thus,. AC' = 101.8% oritical
and d Js /d ot is: _

- €
%éaﬁ - 2(2:4)1.010 2252 (5.9)(+10 +.0111) 2 . .48 deg/deg/sec
0‘ [ ]

In order to bring the demping to zeroi-

‘{Zé?‘ = ?Ez°4 (-+496) {.093] = -.23 deg/deg/sec

The signal dSe /dSs varies the stick position gradient with airspeed ond
norm&l mcceleration. It was desired to VAry dég/dvi and dS'e/dn from slightly
unstable to five times their normal stebls valus. d 53/(155 is inversely proper-
tional to these basic flying qualities from Bquation (8s) and (8b). Allowing &
factor of two for static margin variations, the rasage of ase /dSs_ iss

Minimum ﬁiﬁ- = * 0.1 deg/deg
Ss

Mumm.é-’f(-%— = * 10 deg/deg

dSs

The pilot's control stick will also be sctuated by sn electronic-hy’raulis
gervo system. Full stick travel of 31l.6 dogo will be provided by 6 1n. aoustor
trevel. The signals to the stick servo are shown belowsi

L T— 5
ox | STICE 55
et
P SERVO ——»
t ! SYSTEM
“ WADG 52-248 -9 -
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The stiok force gradients will be varlied by signals from F‘,/q end o, while the

&v signal will be used to trim the stisk Vo zero force. "he strain gages on the
aluminum stick will measure strain equivelent to 10,000 poi stress when the stick

force is 100 1bs. The dynamic pressure range for the F-94 will be from 46 to 340 psf.

The stick force per spbod chenge (dFg/dvy) can beo determined from
Equation (7) as:
c

dF ac haty 4
ooy 2o, % 0 gy
avy 6] acr, ée Chy, o

The astick foroe per stick deflection can be expressed as a total derivative in

" terms of the servo geains ass

) ) ) ()
{dSs )Total ® servo ( 'aervo( 3ot servo( 356 airpla.ne( s ZervoA

The servo gain dFg/d§s is then proportional to the total derivative sud is equive-
lent from Bquation (11) tos

8
Veriations in chSB or dF./dgs will provide control over the flying quality ng/g:Ni,

shahtla wa'l i
ully B

If a aPs/dVi rauge from slightly unsteble to five times the normal .stable value
required and & factor of two is allowed for dge/d§s Or d§a/de veriations, the range

of Opg, end dFg/dgs will be’
Maximun Cpg = 10.Cpg, or dFg/dgg = 107 lbs/deg.

-2 Gng, -21 lbs/deg.

4 practical minimum renge would bo?
Ohg, = $0.1 Chg,  or dFg/dg, = 1.1 Ibs/deg.

For a Opg, renge of %2 G 0 '3 ng, at the extreme limits of g, the
normal
maximum dFg/d§g will be

dFg/dgs = 11 lbs/deg at q = 46 psf

dFg/dss = 84 lbs/deg at q = 340 psf

WADC 52248 =10 =
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The signal do/dgg will be used to provide the dFg/dy, gradients reguired.
At q = 218 psf the range of stick force per g will be from -20 to +50 lbs/g. The
minimum smount of control was oaleoulatsd as a doi/dgs equivalent to & Chgy, OF

1,10 1/rad. This is equivalent tos

dg's Cheit (1-— %&E) (410) (.475)
o Ch& " 482) 5 = £.020 deg/deg

The stlock force per g renge cen be provided if Chd be -1,06 and +1.30 1/rad.

respectively for dFa/dn of =20 and +E5Q lbs/g. Including a factor of five as above
for Chss veriations, dss/dﬁ will be:

Meximum negative 98 o . 1.30 (.475) _ -6.4'deg/deg

da «482 &_)

1S dss V 1 05 ( 4-'; 5\
Maximum POSiti ve = + =9 (. . / = pf y
0183 (-[ i 592 deg/deg

Auxiliary Surface

. The auxiliary surface will bs actuated by & smell electric servo motor
gesred down for a maximum 2 deg/sec surfece rate. This velocity limit will allow
the surface to control the phugoid without causing undesirable normal acceleration
response 6 u gust inputs as shown later. This slow rate will be sufficient for
phugoid control as a full range of +10 to -10 deg. surfece travel will take 20 ses.
or asbout one quarter of the phugoid period at 292 mph ind. The signals to the
surface are shown belows

%?— —_— | AUX. SURFACE
0 SERVO - Sa
._u.., — SYSTEM

The suxiliary surface position signal proportional toAg/q will be pro=
vided to vary the phugoid period. The surface will heve a Ijg degree position range.
The lergest control renge was assumed ut the Vi = 292 mph condition. A minimum
49 of 1 psf (or 1 mph) and a meximumAy of 29 psf were mssumed. A% the extreme

q rangs, aAq of 5 psf at q = 46 paf and 8 Aq of %24 psf at q = 340 psf were
assumed,

The minimum d&./d@‘t) signel will provide for 1% oha.ng.e in the equiv. statio
margin. Thus from Equations (5a) and (5b):

dge . “my _ 201 (A Pm)e s 264 01) = 235, deg

d%f 2Cmg, 2Cmgq \ dCL/ ~ 70002

WADC 52=248 « 11 -
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The maximum dS;/déf signal will allow & halving in the phugoid period
at 5,5% static margin end V4 = 292 mph.

2;8_9. - _.J__Ef_acl =% i °264 (+.165) = 218 deg.

P 20mg o
The maximum negative valus is found if the period is to be doubled.

% Bl ) (~4055) = =65 dog
P

The signal proportional to G./q will be provided to change the phugoid
demping & minimum of 5% oritiocal et 5.5% static mergin and V; = 292 mph. From
Equations (6ea) end (6b) ‘

- dcm(dcm Cmg
—% viﬁm“ 5469 2_ oL\ &, 2

. 218 (4.4) a i
" S0 4(%.08) [2(.-:.,055)(-.0661)}] = 11,06 —:—gﬁ-ﬁfﬁ—

The meximum sensitivity of d&/d.?; will be required to inorease the damping to
70% oriticel. Thuss -

"\3,/ h &‘ L _l J mph ind
In order to reduce the demping to -20% criticals

d8a _ 218 (2.4) 4(<.269) | 2(=.065)(~s0662) [ | = ~5.7 dog 80 pai
) TEEE (=269) | 2(-+065)(-~.0661) SR T

%;a»’ %’:‘;%}'ng‘i( 70 = 089) {-2( 0055)(-,0661;11 = 13,6 408 Reo psi

WADC b2-248 -12 =
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1+

1+

14

14

14+

,05625 to

,025 to

0.1 +to

1.1 +to

02 to

13.2 to

1.06 to

s

»

»

&

*

+

2.06 deg/deg.
.51

.18 deg/deg/sec.
23

10 deg/deg.
107 1lbs/deg.
21
5.2
6.1 deg/deg.

218
55 deg.

13.6(deg[see{gsi )

507 mph ind, -
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TRANSIENT RESPONSE

The response of the F-94 at 292 mph indicated airspeed end 20,000 ft.
altitude was determined by analog computation for three disturbance conditions. A
step Cp was introduced on the analog by either a sudden application of 1 deg.
clsvator or 10 deg. auxiliery surface daflection. Qusts in ¢z and &4 were entered
as initial conditlons, A deseription of the computational approach can be found
in the appendix,

Pitching Moment Steps

Figure (1) shows the F-9) response to a 1 deg. s‘oep elevator deflecilon
for the normal condition of V; = 292 mph, 20,000 ft., altitude, 5.5% static margin
and groes weight of 13,61l 1bs, The heavily damped short period is evidgnt in the
slight angle of attack overshoot, The low phugoid damping is also apparent.

The effects of & Cm,; and A CmDa' are seen in Figure (2), The

damping of the short period is inereased with negative A4 CmD The elevator

PR
trace shows that about 0,2 deg of elevator control would be needed with this
artificial control for 1 deg step elevator input. If negative A Cmﬂ-( is

added the spring constant of the motion changes with a corresponding increase in
frequency. The 1 deg. elevator step now creates less <X and .~ response due to
the increased stability. Over 0,7 deg. elevator control is reqfired with this
artificial derivative, ‘

Figure (3) reveals the phugoid mode variations with (I.m&2 and C“'D .

Positive Cy of 171 adds 50% critical damping and requires almost 5 deg. of

auxiliary surface rontrol for esch 10 deg. of excitation. The decreased period
due to c me = ,029 is evident in all the traces, This artificisl control

demands almost as wide & variation in .a;, as the excitation itself as seen in
the auxiliary surface itrace.

Forward Velocity Gust

The response of the normal. F-9L to a 10 mph ind. forward “ﬂlonity gust
is seen in Figure (4). This gust as represented by an initial condition on <¢
causes an initial value of n at zero time, After the short period ot peak, the
motion is characterized by the lightly damped phugoid mode, If ,029 Cmu is

added by artificial control the gust reponse changes to that shown in Figure (5).
The g response increases somewhat after its initial value. Approximately 7 deg.

of auxiliary surface deflection would be required to provide this artificial
Gml-L in response to a 10 mph gust. ,
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Figure (6) shows the effect of GmIJ on the normal acceleration
w

response due to a forward velocity gust, In the ncrmal case at the ieft, the
in itial g decreases steadily after the short period dip., If a Cme of ,171

is added to the airplane, the response shows a sharp peak about seven times the
initial normal acceleration amplitude. This effect is due to the impulse in
C, crsated by use of C”‘Du. , as explained in Reference (1). The use of a
velocity limiter on the right hand graph of Figure (6) reveals the close to
normal response obtained by limiting the rate of buildup of S, 1o 2 deg/sec,

Angle of Attack Gust

The effécts of A and 2O on the F-9) response to an
Cn Y, Crupy A p

angle of attack gust is seen in Figure (7). The magnitude of the gust input
veries from .352 deg. for the normal airplane and for A ¢y A to 1 deg.

for the A GmD'A condition, This limitation arose from computer overload

problems. Overshoot in angle of attack, pitch rate and normal acceleration is

evident in all but the A - C my condition, When 80% critical damping of
A

the short period is caused with A cme,( the aireraft responds smoothly

to return to the equilibrium condition, The use of A C"’D = ~.0L3 would
' )
require about 0,2 deg. elevator per deg. angle of atvack gust, while use of
N cm%‘ = -,389 requires 0,6 deg. ,,s;_ per deg. o< gust., The increase

in the short period frequency by A Cp A is evident in the faster initial

response to the gust input..

It should be noted that the transient curves presented were transcribed
directly from Brush recorder analog results. Thus, the time scale is correct
only at the equilibrium value., A similar time at any amplitude can be found on
a circular arc of 3 inch radius. It was not deemed lmpo; tant to alter this
time scale to the usual rectangular coordinates,

VECTOR PHASE DIAGRAMS

The homogeneous equations of motion of the aireraft can be solved for
the vector balance of forces and inertlas required o maintain equilibrium at
any frequency of oscillation, This vector balance is jllustrated in Reference
(3). The method of obtalning the phasings of i notlons in the phugoid

oot
and in Tthe shory y:u.-l.u',ll. is presented in the appendix,



i
t
i
i
i
i
|
i
i
|
|

A e ey,

R T T

Short Period

The short poriod phasing for the F-SLA airplane at Vy = 292 mph,
20,000 £t. altitude and 5.5% static margin is presented in Figurs (8). It
can be seen that for the normel airplane the D& response will be L.7 times
the #¢ response and 87.2° ahead of ¢« . The amplitude and phase of DeX in
relation toeX indicates the .3lL cps frequency and L9.5% eritical damping of
the motion, The unimpertance of £¢ in the short period is apparent.

The effects of £ Cp A and CmDQ o on the motions are illustrated
in Figure (8)., Both artificial derivatives raise the frequency to .475 cps,
as can be noted in the similar amplitude of the DA vectors. The use of
P Cmd« w11l lower the damping, however, as seen by the smaller lead angle
between Do” and <4 ., The D & response due to A Cpy L will be almost
in phase with the normal D© vector, while CmD2 o will cause D © to

lead &% by 101,3°,

Figure (9) shows the effects of & C"iDdg and A C, on the responses.
. . q

" Both derivatives increase the damping to 79.5% critical; but A cmq also causes

an increase in frequency as sesn by the larger amplitude éf the DS vector.
The increase in D & 1lesd over =X 1is apparent for both artificial derivatives,
with A CmD A also decreasing the amplitude of the D © wvector considerably.

WADC 52-248 ~ 16 =-
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Phugoid

The phugoid phasing for the F-94A condition is shown in Figure (10).
The low damping (5.9% critical) is apparent in the [Duy lead of «_ by oniy
93.4°. The high period of 88,6 sec. is noted in the length of the Du  vector.
The phugold motion occurs at almost constant angle of attagk, as noted by the
minute o¢* vector, while the pitch angle variation is quite important being

- 1,28 times the amplitude of Y4 or } and lagging y by 95°.

V
Figure (10) also illustrates the effects of C %1, and C
4 Lpou

on the phﬁgoid mc&‘iions. While each artificial derivative reduces the period
to 62.8 sec, decreases - somewhat, and causes a
Mu %F ’ C’ # Dy

slight increase over the normal damping. The pitch angle response per unit
is raised to 1.81 by Q'M " and lowered to 0,90 by C%"D .
' w

The phugold dampiﬁg can be increased to 56.1% critical by addition of

L) q? C"Fq , or C“'me- as seen in Figure (11). All three artificial
derivatives maintain the period close to the normal 88.6 sec. value., A significant
increase in angle of attack response is noted with the use of or (. .

. e e
The pitch sngle lag is reduced to 5h° with (o, p ond 52° with € wnile
Y

o 6
C,,}(,q increases the lag to 128,

The usefulness of these phase diagrams is apparent from the ease with ,
which the amplitude and phasings of the motions can be obtained, It should be 1
noted that these diagrams can be obtained quite readily by graphical analysis. {
Besides enabling the theoretical analyst to gain a physical insight into the
motions, these diagrams can be used to predict the transient response of other
variables, once the response of a single variable has been determined, Thus,
assume that the [D & response to a particular input has been determined as:

: -l o T
D6 = C, é ’ cas(ﬁ,t-f— %)_'LCP.& xicas(pat'f'%)‘f-[)e
parte

whers DO part, = particular solution for '[J@. The response to any other
variable ) can be determined as:

» - ot | oy '
X . Ax; C’ e c,os{ﬁ, t+ L{,{ + ¢,)+ﬁx2 C,e ™ MSCEat+¢;+CPZ)

-’l'— X part.

WADC 52-2/;8 - 17 -
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where ﬁ;“ = amplitude ratio of X to D@ in short period 7
( B = schort perlod fraquency).

= amplitude ratio of X to 2 & 1n phugoid
( '62 = phugoid frequency)

;4

X2
47, phase lead of X from D@ in short period
%,

X

= phase lead of X from /@ in phugoid
= particular solution for
part. P X

The new particular response to the input disturbance must be calculated
separately., In the case of step disturbances or initial conditions this

particular response can be found for combined phugoid and short period analysis

from the formulaes

Step Elevator Particular Solutions

L‘ﬂaart. " uSS
ePaft- s See formulae for steady
state values on Page 43
=< part, = Xg¢ , in Appendix
= 0
’"}-part.

Particular Solutions When Input is Initial Condition cn u or oo

U part.,- Opart,” Srpart.” q’}part,g ¢

he)
j 4

With the particular solutions known, the response in the desired
motion, X , can be readily determined with the amplitude and phase ratios
(Ax and q) % ) determined at both short period and phugoid frequencies,

WADC 52-248 -18 -
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RESULTS AND CONCLUSIONS

On the basis of this theoretical investigation to provide a wide

range of artificlal stebility and control to the F-SL airplane, the following

results eand conclusionis can be noted:

le
2.

3.

hie

Te

WADC-52-21,8

[
Use of elevator signals proportional to ©¢ and o will
provide a wide range. of short period frequency and damping
control,

Use of auxiliary surface position signals proportional to
Aq/q and u/q will provide z wide range -of phugold period
and damping control.

Use of elevator position signals varying with stick position
will change the fixed stick stability,

Use of stick force signals varying with stick position and
angle of attack will change the froe stick stability of the
alrplane, -

Seven artificial stabiiity derivatives will be provided on
the F~9 with a hydraulic servo system on the elevator

and stick, and with an electric servo motor on the auxiliary
surface, : '

An auxiliary surface of O.U43 sq. ft. will be constructed and
installed in the nose section {or phugoid control. The
surface will be geared down to 2 degysec, to avoid normal
acceleration peaks due to forward velocity gusts with Gy, o
present, “

The phasings of the phugold and short period motions can
be investigated readily by vector phase diagrams.

The phasings of the oscillatory modes may be an important

parameter in the pilot's evaluation of a flight configuration.

Further insight into the effect on the human pilot of the
phasings in the short period and phugoid response should be
gained by analysis of flight traces as well as by theoretical
studies.

nlg-
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Constants:

¢ = 6.72 ft.
S = 237.6 £t.2

= 1.03 rad./ft.

Variables:
Indicated Airspeed, V4 (mph)

(mph)

Mach Number

True Airspeed, V
Altitude (ft,)
C.G. (#4AC)
dC,/dCr

G.W. (1bs.)

I (slug £6.2)

ip

2 1g/e

§ ¢ (deg.)

Cy, o (1/rad)

Cppe  (L/rad)
(1/rad)
(1/deg)
(1/rad)

c o (1/rad)
T (sec.)

A
C

h e
c 1/vad) .
he, (1/rad)

¢
WA ©9.248

(1/rad)

TABLE I

F-9L,A NORMAL STABILITY DERIVAIIVES

d &
d et = 0525
St = h7083 ftoz
S, = 8,70 ft.?
135 219
.18 b3
135 300
S.l. 20,000
28 29
"00,49 -*.055
12,359 13,61k
26,545  26,5L3
6,12 5.5k
5.23 5.21
us 0
1.12 J166
5.12 5.51
135 0307
<653 264
-0251 '030)-1
"00155 "'00165
—8.96 "‘9028
‘hvlo 'hogh
3.45 3.20
203 119
"‘0)430 ‘0&78
-gls -010
= 2] -

._........qH = 03%
q
ce = .720

292 * 290

057 070

Loo L7k

20,000 30,000

29 29

—.055 -0055

13,6 11,365

26,543 22,158
5.5k 5.54
5.21 5.2
0 0
.26l 0222
5.90 6.L8
0235 .02l
147 .1k
"‘032)4 ‘9357
-,0165 -,0165
-9.28 «9,28
'h!eh "hoah
2,40 2.1
Ligy Lg7
"‘-’-‘82 "ohm
"009 ‘009

ft.

365
oT1

20 3000
29
‘0055
13,61k
26,543

5054
5.21

.168

6.1
.0237
»110
~.353
=,0165
-9.28
=4, 2l
1.92
19
-o455
=.06



CHARACTERISTIC ROOTS OF THE NORMAL F-SLA

Phugoid Short Perlod
:2: \£} Period % Critical Frequency | # Critical
(mph) (sec.) Damping (cps) Damping

-.0k9 135 33.1 8.35 119 67l
-+055 a9 67.0 3.25 227 k9.5
-.01 292 118 7,61 0991 87.5
=055 292 88.6 55k <31 49.5
-.10 292 85.7 5,96 L3 38.2.
~.055 290 10k.2 7.53 o361 L6.1
-.055 365 112 1043 k08 k9.9

E WADC 52-2148
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TABLE V
CONTROL STICK PARAMETERS OF '[HE NORMAL F-9hA
& 0 de feln YLD AL fa V. | dE [dY
dcy, (mph) (deg/g) (1bs/g) Vi= Viin Vi= Virin
Push Downs Turns Push Downs Turns (deg/mph ind)| (1bs/mph ind)

-.0L9 135 h.36 L.36 5 L.35 L.36 2 0521 -0L38
+.822/n +1,39/n :

=0055 219 1.879 1.879 8.06 8,06 LO1LhL .0585
+.31L/n? +1,66/n2

"eOl 292 o338 0338 0977 00977 000109 "000)488
+.177/n? +1,69/n2

=,055 292 1,059 1,059 8,60 8.00 00601 LOLTY

- +.177/n2 +1.69/n2

~od0 292 1,782 1.782 16,24 16,24 L0109 0996
-l»..l77/1’l2 +1,69/n2

-4055 290 923 923 7.21 7521 00512 0386
+,179/n¢ +1,61/n°

"0055 365 0677 0677 9001 9001 000309 ,OhOB
+.113/n? 1,65 /n?
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” " APPENDIX

VECTOR ANALYSIS OF MOTION

P——-
fr==w

, A force vector diagram c¢an be drawn for any equation when the direcidon
and amplitude of the variables is known at any natural frequency of the motion.
In thes aireraft longitudinal motion, the phugoid and short period modes are of
greatest interest. The amplitude and phase relationships of the variables will
be determined at these frequencies,

—tR
1

1 Short Perted

LN

~ The short period mode can be represented by the equatdonss

| . C

.“ ‘ . l . - C .

L'r — é‘ [_E',”'Do(D‘f“Cqu x -+ [D?'—' ‘,—2,%3."—[)]8=0

The natural undamped fraeqguency and démping of the short period can be obteined
from Equation (1) and fxom the rolation:

wn-_:ﬁ@_a’—-g;%%

the relation between Do and o¢ can be expressed as:

e

Dox = W o ,/90° +€p..
where
[l | €pnsmi
H D =.5IN 5
This expression can be found in Reference (3).

D

: i ! The 1if't equation can now be used to obtain D@ in terms of o ¢
i g C

] DO = |Wn Lo vep + kx| o

! A graphical solution will yield sufficiently accurate results, The presence‘of
4 in the short period can be predicted accurately from the drag equation:

| (D+Co)n + (= — ot Coo =0

Since CD is very small compared to Dq at the short period freguency,
| I thls equation becomes: '

) Du- — (&= —C)e - S0

which can b3 solved graphically.

l.g " The quentities D@ and DU have been determined as veciors in
relation to unity o« at zero phase., These quantitles are shown graphically
below for the normal airplane,
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SHORT PERIOD PHASING
FREQUENCY VARIED

90*
Do
g De
\ !
180° " -
10
A
- a1n0°
Phugoid

The phugoid mode can be represented by the threvé equations of motion:
O ] » C C‘- .
{b+Splu + (—%‘L-ECL—)“ Ll al
C,bw + (D+£2) o — D6 =0
_/.‘:"_[CMDQ,D +C.7,y,w]ao ’%[CYHD LD'!"“);G“:‘“

WADC 52-218 - 38 =
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i e I T R e e 2 e ©

" The vector  [o¢ = Wyor/80° +&p

If Dle is neglected, the latter two equations can be combined as:

Ao o |, Smpe Sl -
e R e S o

C G a

and ﬁq-u/nu[%f_"_eﬂ

The natural undamped phugoid frequency and damping can be obtained from Equation (k)
and from:
w‘h - _g.‘ﬂ__._____.__
P(i=Gpt) 72
€ =B G,
&1 can then be determined in terms of § . The drag equation can then be used

to determine graphically the vector properties of €@ in terms of wait ¢ at
zero phase, The normal I-9) phugoid motions are shown vectorially below:

PHASING OF THE PHUGOID

PERIOD VARIED
o0°
D
[ ]
139 o< | . 5
M
v
&
©
270°
WADC 52-2,8 w 30
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ANALOG COMPUTER SETUP

The longltudinal equations of motion for the F-$i airpisne at OO mph,

20,000 ft. sltitude for 5.5% static margin are listed below

' o Su_ . L0490 u +.122a =,2760
25 at/g,
4 o
-% =08 u =641l4eg +
£Fz di?/q &%j@'
%8 . _107ex -1.60 ‘% -3.5%9- =311 Se
£uy a(tk)? £, "

where 727 = 5.0 sec,

The elevator was positioned by the signalss

- oe
jrng ’ - 1 [ ) 219 ”.0307 -00875
Sc - Sinput+ 412ay + <0 ﬁi’%’ " . I%
applying AC%( = -.359, AC’"DN= -.O).LB, Cwq *= .029, Ch‘D“ - ,171

Inputs

A forward veloelty gust is applied to the airplane on the analog by
entering an initial condition on e . This is equivaient to a forward velocity
inerement of the air relative to the ground, Since the plane's veloclity with
respect to the ground will not chenge, this gust will give a sudden increase in
the velocity of the plane with respect to the air as seen mathematically below:

qp‘ = upg + uag

This  “ ag provided the disturbance to excite the phugoid oscillation.

It should be noted that a sudden increase in  Wpa will cause an
impulse in the rate of change of alrspeed as measured by a pitot tube, Thus,
as C"m o is provided by sensing the rate of change of “ - pa, an impulse
in pitching moment would be applied to the airplane, The auxiliary surface is
limited to 2 deg/sec., however, so that the rate of change of pitching moment
is drastically limited,

In order to examine the resppnse of the airplane without this velccity
limiter, initial conditions on 4 and © were entered cn the analog., The condition
on arises from the previously noted effect oi‘Cm w © Thus, the integral of
the moment equation must be in balance before the gust is applied at time -0 and
just after application at time 40, This ylelds,

WADGC 52-248 .40 -
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dte  dol. _ [ _aa |- |
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-0
or
r_.

A
L2 1 =272 w,

| &5/

0

This relation between é and U, 1s necessary to represent
properly when C“O of (171 is present,
. LY

£}

m& gust

An angle of attack gust or a vertical velocity gust will be
represented similarly by initis]l conditions on ¢ and - » Thusy for the
normal airplane:

= «],60 q
&5, ° ,

When ACW O is present, an X, gust creates a larger g as:

1t ACw Do = T*OU3 (d e/a}p/fq)o = 8.0 o¢

Besides the inputs of initial conditions on U, & and &, é 3
the alrplane response to a step elevator and to a ramp elevator was examined,
The regponse to a ramp represented the most severe response possible with the
velocity limiter used on the auxiliary surface. It should be noted that
although the equations are srt up for elevator inputs, auxiliary surface inputs
can be obtained by ratioing the response in terms of (., C

Sa /=M S

e

Wiring Diagram

The wiring diagram is included next to indicate the circuitry
necesgsary to obtain the responsess

WADG 52~248 - 41 =
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ANALOG WIRING DIAGRAM
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STEADY STATE VALUES

S

———

~re

The following formulae are listed to aid in determining the steady
state values of the aircraft motlons following & step elevator deflection:

o= e (fgffs.%%u._)‘

~ =. C“_a{ [d,CyA )
CocaSeca [ -9‘- + <= )
8 = — “hses SS ..._‘L_r__.&.l
Cu (E:'E_m' - é%f.“) (assuming Cais = 0)

"‘he steady state values in the short period mode of motion are:

o - S)h S 53 s

) ST TR

28 _ CygeSes /
G"(.‘ - E o -?Qh’i — C;;, 1)
dC, ;p."

The maximum value of e in the short period, and of 4V and O in the
phugoid can be computed from:

%‘ max, w¢‘ steady state (1-;} OVS:SShoot )

where either o{ \/.u or @ can he represented by 7(-’
The percentage over &wot 1g a funetion of along and is shown below:

100
b
o
g -
g 80 }—
B . \
B .
W L \
I
() e \\\
o T s 160
5 -~ damping ratio (% critical)
WADC 52-248 - 453 =




